Abstract. DcHSP17.7, a small heat shock protein from carrot (Daucus carota L.), was expressed in Escherichia coli to examine its functional mechanism under heat stress.
Plants, being sessile, are more vulnerable to daily and/or seasonal temperature elevation in their natural environment. Moreover, average global surface temperature is on the rise as a result of global warming. The Intergovernmental Panel on Climate Change projected that annual global temperature will likely increase by 1.1 to 6.4°C during the 21st century (Keller, 2007) . In plants, elevated temperatures can disrupt essential metabolic processes such as photosynthesis, respiration, and carbon fixation (Pollock et al., 1993) . Accordingly, heat stress negatively impacts agricultural crop production and product quality. Lobell and Field (2007) reported that over the last two decades, warming temperatures have caused annual losses of %40 million metric tons, worth $5 billion, for the three major agricultural crops, wheat, maize, and barley. Accordingly, it is important to understand plant heat stress physiology and develop crop plants that show enhanced thermotolerance and production under heat stress.
All living organisms, including plants, respond to heat stress (10 to 15°C above their optimal growth temperatures) by producing a set of proteins called heat shock proteins (HSPs; Wahid et al., 2007) . In eukaryotic organisms, HSPs are classified into five different classes, HSP100, HSP90, HSP70, HSP60, and small (sm) HSPs (15 to 42 kDa), based on their molecular masses. In plants, smHSPs are the most dominant and abundant HSPs produced on heat stress (Waters et al., 1996) . It was reported that there are 19 open reading frames, which code for smHSP-related proteins in the Arabidopsis genome (Scharf et al., 2001) . Under normal growth temperatures, most smHSPs are not detected in vegetative tissues. However, on heat stress, smHSPs can be synthesized within minutes and accumulate up to 1% of total cellular proteins (Hsieh et al., 1992) . Even after heat stress has been eased, some smHSPs are very stable with half-lives of 30 to 50 h (DeRocher et al., 1991) . These results suggest that smHSPs play an important role in enhancing thermotolerance in plants during heat stress and/or subsequent recovery.
Although the correlation between the synthesis of smHSPs and thermotolerance has been reported, their cellular and molecular mechanism is not yet fully understood. Some smHSPs are reported to function as molecular chaperones mainly in vitro when analyzed using model substrates (Basha et al., 2006; Giese and Vierling, 2002) . Under heat stress, molecular chaperones bind to partially unfolded/denatured proteins to prevent further aggregation and/or promote renaturation of the proteins. Accordingly, the role of molecular chaperones under heat stress is critical for cell viability and survival of organisms.
To understand the function of smHSPs, it is important to examine their structure during heat stress. One of the notable characteristics of smHSPs is their organization into large oligomeric structures (Haslbeck et al., 2005) . In a cellular environment, smHSPs are found in large complexes with molecular masses of 200 to 500 kDa (Kirschner et al., 2000; Young et al., 1999) . These complexes are known to be homo-oligomeric (Suzuki et al., 1998) . Moreover, on prolonged heat stress, some plant smHSPs are found in much larger insoluble structures (greater than 1 MDa, 40 nm in diameter) named heat shock granules (HSGs; Sun et al., 2002) . They are believed to be reservoirs for unfolded proteins bound to smHSP oligomers when the refolding capacity of smHSPs is exceeded. HSGs found in tomato (Solanum lycopersicum) consist of cytosolic smHSPs, HSP70, and heat stress transcription factors (Scharf et al., 1998) . It is likely that the formation of complexes and conformational changes during heat stress are closely related to the function of smHSPs.
We have examined DcHSP17.7, a smHSP from carrot (Daucus carota L.). DcHSP17.7 has been characterized in a number of studies. Its constitutive expression enhanced cell viability and membrane stability in transgenic carrot cells and plants under heat stress (Malik et al., 1999) . Furthermore, expression of an antisense construct of DcHSP17.7 gene resulted in reduced thermotolerance. It was the first demonstration that modification of the expression of a single smHSP can both increase and decrease thermotolerance in plants. When introduced into potato (Solanum tuberosum L.), a cool-season crop, across species lines, DcHSP17.7 enhanced cellular membrane stability and tuberization in vitro (Ahn and Zimmerman, 2006) . These results suggested that DcHSP17.7 is a promising candidate to be used for the genetic engineering of heat-resistant crops. To understand the possible function and structural dynamics of DcHSP17.7, in this study, we introduced a coding sequence of DcHSP17.7 into Escherichia coli and studied its function in the transformed E. coli cells under heat stress.
Materials and Methods
Construction of transformed E. coli expressing DcHSP17.7. The coding region of the DcHSP17.7 gene (471 bp) was amplified by polymerase chain reaction (one cycle at 95°C for 5 min followed by 35 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 2 min) using a set of primers (forward: 5#-GGGGGGCATATGTCGATCATTCCAAGC-3#, reverse: 5#-GGGGGGGCTAGCTTAAC CAGAAATATCAATGGC-3#). The forward primer contains an NdeI restriction enzyme site (underlined) overlapping the start codon of the gene and the reverse primer has a NheI restriction enzyme site (underlined) after the stop codon. The amplicon was double-digested with the two restriction enzymes and inserted into the pET11a expression vector (Novagen, Madison, WI). After confirming the sequence, the resulting pET11a-DcHSP17.7 recombinant vector was introduced into E. coli BL21 (DE3; Novagen).
Cell culture and expression of DcHSP-17.7. E. coli cell culture and expression of DcHSP17.7 were performed according to the modified protocol of Yeh et al. (1997) . Wildtype vector control containing unmodified pET11a and transformed cells containing pET11a-DcHSP17.7 were cultured in LuriaBertani (LB) broth containing 100 mgÁmL -1 of ampicillin overnight with shaking at 37°C. Overnight cultures were diluted 1:1000 with fresh LB broth containing ampicillin and continuously incubated at 37°C. When cell cultures were grown to an OD 600 of 0.6, isopropyl b-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM to induce the expression of DcHSP17.7. To determine cell growth rates, OD 600 of cell cultures was measured every 30 min up to 7.5 h.
Protein extraction and immunodetection of DcHSP17.7. Total proteins of transformed E. coli were extracted at 2 h after IPTG treatment using a commercial kit (SMART TM Bacterial Protein Extraction Solution; Intron, Seongnam, Korea) and quantified using a Bradford assay (Bradford, 1976) . A total of 30 mg of proteins was separated using SDS-PAGE (12%) and electroblotted to polyvinylidene difluoride (PVDF) membrane (BioRad, Hercules, CA). Immunoblot analysis was performed using a polyclonal antibody raised against DcHSP17.7 according to the instructions of the ECL Plus System (Amersham Biosciences, Pittsburgh, PA).
Thermotolerance of transformed E. coli expressing DcHSP17.7. Overnight cell cultures (vector control and transformed E. coli expressing DcHSP17.7) were diluted 1:1000 and grown to an OD 600 of 0.6. Then, cell cultures were treated with IPTG and incubated at 37°C for an additional 2 h. A total of 1 mL of cell cultures was subjected to 50°C and 100 mL of cells was collected at 0, 30, and 60 min. Samples were diluted 1:1000 and plated on LB medium containing ampicillin (five plates per time point). Plates were incubated overnight at 37°C and the number of surviving colonies was counted. The experiment was repeated five times.
Solubility of proteins in transformed E. coli expressing DcHSP17.7. Diluted overnight cell cultures were treated with IPTG as described previously. After 2 h, cell cultures were subjected to 50°C. Similar number of cells was taken at 0, 30, and 60 min and soluble proteins were extracted as described previously. The amount of soluble proteins in each sample was determined using a Bradford assay (Bradford, 1976) .
Complex formation of DcHSP17.7. Diluted overnight cell cultures were treated with IPTG as described previously. After 2 h, cell cultures were subjected to 50°C up to 1 h and total proteins were extracted as described previously. Proteins from nonstressed and heat-stressed (40°C up to 12 h) carrot leaf tissues were obtained by homogenizing tissues in the extraction buffer (50 mM Tris HCl, 500 mM NaCl, 25 mM KCl, 5 mM MgCl 2 , 30 mM EDTA, 5% sucrose, 5% glycerol, 14.2 mM b-mercaptoethanol, and 0.5% Triton X-100) containing no denaturing agent. Protease inhibitor cocktail for plant cell and tissue extracts (Sigma-Aldrich, St. Louis, MO) was added to the buffer just before use. After lysate was centrifuged for 5 min at 10,000 · g, clear supernatant was taken. Proteins were quantified using a Bradford assay (Bradford, 1976) and 25 and 50 mg of E. coli and carrot proteins, respectively, were resolved either on a 4% to 20% Native-PAGE gel (Biorad) or a 12% SDS-PAGE gel. Immunoblot analysis was performed as described previously.
Results and Discussion
Expression of DcHSP17.7 in E. coli. The gene encoding DcHSP17.7 was introduced into E. coli to examine its functional mechanism under heat stress. E. coli has been used as a convenient system in a number of studies examining plant smHSPs (Cho and Bae, 2007; Yeh et al., 1997) . IPTG was added to the cell culture to induce the expression of DcHSP17.7. During initial growth stages before IPTG treatment, similar growth rates were observed for all types of cells (wild-type BL21, vector control containing unmodified pET11a, and transformed cells containing pET11a-DcHSP17.7; Fig. 1 ). When cells were treated with IPTG at 2 h after culture initiation, the wild type continued exponential growth and reached stationary phase at 4 h after culture initiation. However, the growth rates of vector control and transformed cells containing pET11a-DcHSP17.7 decreased on IPTG treatment.
To confirm the accumulation of DcHSP-17.7 in the transformed E. coli, first, we attempted to visualize the protein using Coomassie staining. However, DcHSP17.7 was not distinguishable from bacterial proteins in the corresponding molecular mass region (data not shown), suggesting the low expression level of DcHSP17.7. To detect the possibly low amount of DcHSP17.7, immunoblot analysis was performed using a polyclonal antibody raised against DcHSP17.7. As shown in Figure 2 , DcHSP17.7 was detected in the transformed E. coli containing pET11a-DcHSP17.7. Our results showed that DcHSP17.7 was expressed in the transformed E. coli but at a relatively low level. The low levels of DcHSP17.7 were previously observed when it was constitutively expressed in carrot (Malik et al., 1999) and potato (Ahn and Zimmerman, 2006) , even under the control of the strong Cauliflower mosaic virus 35S promoter. It is possible that the high level of DcHSP17.7 has adverse effects on metabolic processes in nonstressed cells; thus, its accumulation is tightly regulated.
Thermotolerance of transformed E. coli expressing DcHSP17.7. To examine if heterologous expression of DcHSP17.7 can increase thermotolerance in E. coli, vector control and transformed cells expressing DcHSP17.7 were subjected to heat stress (50°C) up to 1 h. Then, cell viability was measured by counting the number of surviving colonies of serially diluted samples. At 30 min after the temperature shift to 50°C, the survival rate of vector control cells decreased dramatically to 18% (Fig. 3) . On the other hand, 75% of transformed cells expressing DcHSP17.7 survived under the same heat treatment. Wild-type (BL21, DE3), vector control containing unmodified pET11a, and transformed cells containing pET11a-DcHSP17.7 were cultured in Luria-Bertani (LB) broth containing ampicillin at 37°C overnight. Overnight cultures were diluted 1:1000 with fresh LB broth containing ampicillin and incubated at 37°C until OD 600 reached 0.6. Then, IPTG was added to a final concentration of 1 mM and incubated further at 37°C. OD 600 of cell cultures was measured every 30 min up to 7.5 h. Arrow indicates the addition of IPTG.
stress condition showing %4-fold higher cell viability than that of vector control. At 60 min, the survival rate of vector control further decreased to 5%, whereas that of transformed cells expressing DcHSP17.7 was 28%. Our result shows that the heterologous expression of DcHSP17.7 enhances cell viability in E. coli. Solubility of proteins in transformed E. coli expressing DcHSP17.7. Under heat stress, molecular chaperones bind to partially denatured proteins to prevent further denaturation/aggregation and promote correct refolding of the proteins. We examined if DcHSP17.7 enhanced cell viability in transformed E. coli under heat stress, functioning as a molecular chaperone. When the amount of soluble proteins present in each sample was calculated, 60% of proteins in vector control were degraded after 1 h heating (Fig.  4) . However, most proteins in transformed cells expressing DcHSP17.7 remained soluble at 50°C up to 1 h. Our result suggest that DcHSP17.7 may function as a molecular chaperone in transformed E. coli during heat stress, protecting proteins from degradation. It remains to be determined whether DcHSP17.7 functions directly or through interacting with other E. coli proteins such as bacterial HSPs.
Complex formation of DcHSP17.7. To examine if DcHSP17.7 forms oligomeric complexes, proteins from transformed E. coli expressing DcHSP17.7 and carrot leaf tissues were extracted under nondenaturing conditions and subjected to Native-PAGE and immunoblot analysis. In transformed E. coli expressing DcHSP17.7, on IPTG treatment, DcHSP17.7 was found in an oligomeric complex of %300 kDa (Fig. 5A) . However, when cells were exposed to an elevated temperature (50°C, up to 1 h), the oligomeric complex was rapidly disappeared. We did not observe any additional protein bands newly appeared on Native-PAGE during heat stress (data not shown). To examine if the disappearance of the complex was the result of heat-inducible degradation, proteins were also subjected to SDS-PAGE. As shown in Figure 5B , DcHSP17.7 was still present in transformed E. coli during heat stress, suggesting that the disappearance of the native complex containing DcHSP17.7 was not, at least entirely, the result of heat-inducible degradation. It is possible that in transformed E. coli during heat stress, DcHSP17.7 forms a higher-order complex such as HSGs, which are too big to enter the Native-PAGE gel but are able to be dissociated into monomers in the presence of SDS.
We also examined the complex formation of DcHSP17.7 in carrot. In nonstressed carrot leaf tissues, DcHSP17.7 was not present (Fig.  5C ). However, on heat stress (40°C, up to 12 h), DcHSP17.7 was accumulated and found in an %300-kDa oligomeric complex, similar in size to the complex found in transformed E. coli. The amount of the complex increased as heat stress continued. Suzuki et al. (1998) also reported that the Arabidopsis HSP21 complex (300 kDa) formed in vivo did not dissociate during heat stress. It is possible that in plants, the large smHSP oligomers are the functional species. SDS-PAGE analysis also showed continued accumulation of DcHSP17.7 during heat stress (Fig. 5D) .
In cyanobacterium (Giese and Vierling, 2002) , human (Shashidharamurthy et al., 2004) , and Mycobacterium tuberculosis (Yang et al., 1999) , the oligomeric complexes containing smHSPs dissociate into smaller complexes under heat stress. It has been suggested that the dissociation may expose the hydrophobic areas of smHSPs to interact with hydrophobic regions of denatured proteins (Lee et al., 1997; Lindner et al., 2000) , increasing affinity to substrates. Dissociation into smaller complexes may also facilitate substrate A total of 30 mg of proteins was separated using SDS-PAGE (12%) and immunoblot analysis was performed using a polyclonal antibody raised against DcHSP17.7. Fig. 3 . Thermotolerance of transformed Escherichia coli expressing DcHSP17.7. Cell culture and isopropyl b-D-thiogalactopyranoside (IPTG) treatment were performed as described in ''Materials and Methods.'' After 2 h of IPTG treatment, cell culture (vector control containing unmodified pET11a and transformed cells expressing DcHSP17.7) was subjected to 50°C and samples (100 mL each) were collected at 0, 30, and 60 min. Cells were diluted 1:1000 and plated on Luria-Bertani medium containing ampicillin. Plates were incubated at 37°C overnight and the number of surviving colonies was counted.
Fig. 4. Solubility of proteins in transformed
Escherichia coli expressing DcHSP17.7. Cell culture and isopropyl b-D-thiogalactopyranoside (IPTG) treatment were performed as described in ''Materials and Methods.'' After 2 h of IPTG treatment, cell cultures (vector control containing unmodified pET11a and transformed cells expressing DcHSP17.7) were heat-stressed at 50°C and similar number of cells were collected by centrifugation at 0, 30, and 60 min. Soluble proteins were extracted and the amount in each sample was quantified using a Bradford assay (Bradford, 1976) . Fig. 5 . Complex formation of DcHSP17.7 in transformed Escherichia coli and carrot. E. coli cell culture and isopropyl b-D-thiogalactopyranoside (IPTG) treatment were performed as described in ''Materials and Methods.'' After 2 h of IPTG treatment, cell cultures (vector control containing unmodified pET11a and transformed cells expressing DcHSP17.7) were heat-stressed at 50°C up to 1 h and proteins were extracted under a nondenaturing condition. Proteins from nonstressed and heat-stressed (40°C up to 12 h) carrot leaf tissues were obtained by homogenizing tissues in the extraction buffer containing no denaturing agent. A total of 25 and 50 mg of E. coli and carrot proteins, respectively, were resolved either on a 4% to 20% Native-PAGE gel (A and C, E. coli and carrot, respectively) or a 12% SDS-PAGE gel (B and D, E. coli and carrot, respectively). Immunoblot analysis was performed using a polyclonal antibody raised against DcHSP17.7.
